This study aims to understand the mechanisms and kinetics of chlorinated volatile organic chemicals 8 (VOCs) removal during the catalytic ozonation process on γ-alumina and ZSM-5 zeolites. Both the H-9 ZSM-5 and Na-ZSM-5 types with different SiO2/Al2O3 ratios and counter ions (Z1000H:SiO2/Al2O3 = 10 1000, Z900Na:SiO2/Al2O3 = 900, Z25H:SiO2/Al2O3 = 25 and Z25Na:SiO2/Al2O3 = 25) were studied. In 11 order to fully understand the mechanisms behind the catalytic processes, degradation of VOCs and 12 chlorides formation were investigated during both ozonation alone and catalytic ozonation on alumina 13 and zeolites. The effects of pH and hydroxyl radical scavengers on the efficiency of catalytic ozonation 14 on alumina and zeolites were also studied. The results revealed that, as opposed to alumina, zeolites 15 promoted decomposition of VOCs. Furthermore, the decomposition of chlorinated VOCs resulted in the 16 generation of chlorides at significantly higher levels when compared with ozonation alone. The presence 17 of hydroxyl radical scavengers had no significant effect on the removal rates of VOCs and the generation 18 of chlorides in the presence of zeolites. It is therefore suggested that catalytic ozonation of organic VOCs 19 on zeolites proceeds via a non-radical mechanism that involves reactions of molecular ozone with 20 pollutants adsorbed on the surface of zeolites. 21
Introduction 23
Ozonation is of considerable importance in water treatment due to its disinfection ability and the high 24 oxidation potential of ozone. However, from an economic point of view, and due to higher removal 25 efficiencies, heterogeneous catalytic ozonation is preferred over single ozonation [1] . Therefore, 26 heterogeneous catalytic ozonation systems have been studied in recent years to improve the efficiency 27 of ozonation. Degradation of many organic compounds has been studied by employing various 28 heterogeneous catalytic systems such as ozonation in the presence of activated carbons [2, 3] , Al2O3/O3 29
[4], zeolites/O3 [5, 6] and TiO2/O3 [7, 8] . However, there are many controversies regarding the 30 understanding of the mechanisms of these processes [9, 10] . For example, some reports suggested that 31 adsorption plays an important role in catalytic ozonation process [6, 11, 12] while others suggested that 32 the adsorption may have negative effect on catalytic ozonation process [13] . The role of the catalyst is 33 also unclear. According to some findings catalysts decompose aqueous ozone leading to the production 34 of hydroxyl radicals [11, 14, 15] . While other reports suggested that catalysts act as adsorbents for both 35 ozone and pollutants to facilitate surface reactions [6, 12, 16] . In addition to above, it is important to 36 mention here that the same catalyst has been reported to be effective for some pollutants [17, 18] and in 37 some other reports it was found to be ineffective for other types of pollutants [17, 19, 20] . Therefore, it 38 is indeed important to better understand the process of catalytic ozonation in order to scale-up this 39 technology from lab to an industrial scale. 40
Different types of pollutants have been used to study the catalytic ozonation process in the presence of 41 zeolites and alumina. There are however several, often contradictory, views on the catalytic activity of 42 both catalysts. Some reports suggested that these catalysts do not decompose aqueous ozone [5, 6, 21] . 43 However, others have hypothesised that both zeolites and alumina catalyse the decomposition of ozone 1 leading to the production of hydroxyl radicals [15, 17, [22] [23] [24] [25] . It is important to mention here that a lack 2 of ozone decomposition does not indicate a lack of catalytic activity [16] . Some reports have suggested 3 that Lewis and Bronsted acid sites of zeolites play a vital role in ozone decomposition leading to the 4 production of hydroxyl radicals [15, 25] VOCs were quantified by gas chromatography coupled with mass spectrophotometry (GC/MS, Agilent) 10 as described previously [6] . The method was validated. The RSD was found to be less than 5 %. 11
Analysis of chloride ions 12
Chlorides concentrations were determined by ion chromatography using a DIONEX DX-120 system 13 with Ion Pac As14 analytical column (4 × 250 mm) and Ion Pac AG14 guard column (4 × 250 mm) 14 coupled to an ED-50A electrochemical detector (Dionex, USA). The limits of detection and 15 quantification for phosphates were 0.05 ppm and 0.2 ppm respectively. The RSD was less than 5 %. 16
Results and discussion 17

Physicochemical properties of zeolites and alumina 18
Data regarding physical properties of zeolites were obtained from Zeochem Switzerland (Table 1 ). The 19 point of zero charge (pHPZC) of zeolites and alumina were determined using potentiometric mass titration 20 method [32] . The point of zero charge of alumina was found to be 8.9 while the point of zero charge of 21 zeolites ranged from 5 to 9.5 (Fig 1) . The average pore size was found to be 47.8 Å and the surface area 22 of alumina used was 190 m 2 /g. 23
Catalytic ozonation of VOCs 24
Kinetic study 25
Catalytic ozonation of VOCs on alumina and ZSM-5 zeolites with different silica to alumina ratios were 26 studied at selected pH values: 3.0, 6.2 and 13.0. The results presented in Figure 2 show that alumina 27 does not have catalytic activity for VOCs, while ZSM-5 zeolites show significant catalytic activity 28 especially at pH 3 ( Figure 2 ). 29
Kinetic studies of catalytic ozonation for the removal of cumene, 1,2-dichlorobenzene and 1,2,4-30 trichlorobenzene were undertaken ( Table 2 ). The catalytic process was found to follow the first order 31 kinetics as indicated by the linear regression values in Figure 4 . Therefore, first order rate constants for 32 the removal of VOCs have been determined (Table 2) . The results clearly indicate that VOCs 33 decomposition rates are higher in the case of catalytic ozonation in the presence of zeolites (Table 2)  34 when compared with single ozonation and ozonation in the presence of alumina (at pH 3 and 6.2). For 35 example, first order decomposition rate constant for dichlorobenzene was calculated to be 15 times 36 higher in the case of ozonation on zeolites when compared with ozonation alone (Table 2) . The results 37 further show that the rate constant values for ozonation in the presence of zeolites were found to be the 38 highest at pH 3 when compared with pH 6.2 and 13 (Table 2 ). This may be due to the stability of 39 molecular ozone at low pH which results in its higher adsorption on the zeolites surface, and which 40 subsequently leads to faster decomposition of adsorbed pollutants [6] . It is worth noting that zeolites 41 having higher silica to alumina ratios (Z1000H, Z900Na) are found to be more affective when compared 42 with those with lower silica to alumina ratio (Z25H, Z25Na). This phenomenon can be explained by 43 higher hydrophobicity of high silica zeolites leading to higher sorption of VOCs on their surfaces [12] . 44
The results further show that higher decomposition rates on zeolites at pH 3.0 were observed for cumene 1 when compared with chlorobenzenes. For example, the rate constant for VOCs degradation on 2 Z1000H/O3at pH 3.0 was 9. (Table 2) . This may be due to higher adsorption of 4 cumene on studied zeolite when compared with chlorobenzenes [6] . Other explanation could be that 5 chlorinated VOCs may be more resistant to ozone attack due to steric effects. 6
Previous kinetic studies [17] on heterogeneous process in the presence of alumina indicated that surface 7 reactions are important in the catalytic process. Therefore, it is hypothesised that adsorption on the 8 surface of the catalyst is vital in the catalytic ozonation process [17] . Furthermore, we postulate that 9 molecular ozone reactions are fundamental to achieving effective VOCs oxidation with ozone while 10 using zeolites as catalysts. It is important to mention here that ozone decay rates in the absence of 11 pollutants were investigated by our group in previous studies [4] . The results indicated that alumina 12 possesses high aqueous ozone decomposition rates when compared with zeolites. However, 13 interestingly, in this work alumina did not show any significant catalytic activity for VOCs removal. 14 This may be due to the lack of adsorption of VOCs on alumina. In our previous work, we reported that 15 adsorption of studied VOCs on alumina [17] , as opposed to ZSM-5 zeolites [6] , is limited. Furthermore, 16
as already mentioned, zeolites with high silica to alumina ratios have higher adsorption capacity tawards 17
VOCs. This is in correlation with our results which indicates that high silica zeolites (Z1000H, Z900Na) 18 show higher catalytic activity as compared with low silica zeolites (Z25H, Z25Na ferrite. This further supports our hypothesis that adsorption plays a key role in the catalytic ozonation 24 process. The other explanation could be that molecular ozone reactions are favoured in the case of 25 studied VOCs which agrees with our hypothesis that VOCs ozonation on zeolites occurs via molecular 26 ozone reactions. 27
pH changes during the ozonation and catalytic ozonation process 28
The presence of contaminants on the catalysts may change the initial pH of water and hence can affect 29 the experimental results. It has been recently reported that alkaline contaminants present on the surface 30 of alumina lead to higher ozone decomposition in the presence of alumina when compared with 31 ozonation alone [11] . Therefore, it is important to monitor pH during the ozonation and catalytic 32 ozonation process. In this study pH changes were studied in the presence of pollutants. The results 33 presented in Figure 3 indicate that despite small variations from initial pH no significant change in pH 34 (pHo ± 0.3) was observed during ozonation alone and catalytic ozonation on ZSM-5 zeolites and 35 alumina. It can be therefore concluded that observed negligible variations of pH during catalytic 36 ozonation do not affect the overall process. 37
Formation of chloride ions 38
The formation of chlorides was studied during catalytic ozonation of VOCs (cumene, 1,2-39 dichlorobenzene and 1,2,4-trichlorobenzene) on alumina and ZSM-5 zeolites at selected pH values. The 40 formation of chlorides during ozonation and catalytic ozonation processes may help to verify 41 degradation of VOCs, which may further lead to better understanding of mechanisms governing both 42 catalytic systems [30] . The results presented in Figure 5 show that the formation of chlorides in the case 43 of ozonation in the presence of alumina was very low when compared with zeolites. This may be due to 44 the low adsorption of chlorinated VOCs on alumina [17] . As previous findings indicate [17] , surface 45 reactions are considered to be important in the effective degradation of pollutants on alumina. Low 46 formation of chlorides during ozonation on alumina might be also linked with the fact that alumina 47 facilitates ozone decomposition but molecular ozone reactions are favoured in the case of VOCs 1 degradation. Among the zeolites, high silica zeolites (Z1000H, Z900Na) showed significantly higher 2 chlorides formation ( Figure 5 ). This clearly suggests that high silica zeolites lead to higher degradation 3 of chlorinated VOCs when compared with their low silica equivalents (Z25H, Z25Na). From these 4 results it can be hypothesized that adsorption of pollutants on the surface of the catalyst is a critical stage 5 of the catalytic process [5] . The results further indicated that at pH 13.0 the chlorides formation was 6 similar to single ozonation (Fig 5) . This may be due to the lack of catalytic activity at this pH [14] . It is 7 also important to mention that no significant change in the pH of solution was observed in all 8 experiments throughout 30 minutes reaction time. 9
Mechanisms of catalytic ozonation 10
Effect of tert-butyl alcohol on the VOCs removal rates 11
A comparative study of VOCs ozonation has been conducted on a selected zeolite (Z1000H), alumina 12 and using ozonation alone in the presence and absence of tert-butyl alcohol (TBA). Pseudo first order 13 VOC decomposition rate constants are presented in Tables 2 and 3 . The results clearly indicate that 14
VOCs removal on Z1000H/O3 remained unaffected in the presence of TBA ( VOCs in the case of alumina as compared to ozonation alone (Table 2, 3 ). This may be due to the lack 17 of adsorption of VOCs on alumina's surface [17] . 18
It is important to highlight here that the lack of catalytic activity at pH 13 for both zeolites and alumina 19 is to be expected as at a higher pH, due to the presence of hydroxide ions, free hydroxyl radicals are 20 more readily formed. Such observations indicating the inhibition of catalytic activity of zeolites and 21 alumina have been reported in previous studies [6, 14, 17] . 22
Effect of tert-butyl alcohol on the formation of chloride ions 23
In order to investigate the mechanism of catalytic ozonation in the presence of zeolites and alumina, the 24 formation of chlorides as a result of degradation of the chlorinated compounds was investigated in the 25 presence and absence of TBA. The results presented in Figure 6 show that formation of chlorides as a 26 result of ozonation of chlorinated VOCs on Z1000H was not affected to a high extent in the presence of 27 TBA at pH 3 and 6.2. For example, the concentration of chlorides was 1.6 mg/L after 30 minutes when 28 solution was ozonated on Z1000H at pH 6.2 and it was 1.5 mg/L in the presence of TBA under similar 29 conditions. In contrast to experiments undertaken at pH 3 and 6.2, formation of chlorides was reduced 30 in Z1000H/O3 at pH 13 ( Figure 6 ). For example, the concentration of chlorides was about 1.1 mg/L and 31 it was reduced to 0.44 mg/L in the presence of TBA after 30 minutes. Interestingly, similar decrease in 32 the chlorides formation was observed in the presence of TBA in both catalytic and single ozonation 33 experiments (Figure 6 ). This suggests that the decrease of chlorides formation in the case of Z1000H/O3 34 at pH 13.0 takes place, similarly to ozonation alone, due to the influence of scavenging effect of TBA 35 on radicals produced in bulk solution. It is also important to emphasise that a significant reduction in 36 chlorides formation was also observed at pH 6.2 in the case of Al2O3/O3 (for example the concentration 37 of chlorides was 0.66 mg/L after 30 minutes without TBA and it was 0.34 mg/L in the presence of TBA 38 at pH 6.2, Figure 6 ). These results further support our hypothesis that ozonation in the presence of 39 alumina operates through the radical mechanism while ZSM-5 zeolites facilitate degradation of VOCs 40 through molecular ozone reactions on their surface. It is important to mention here that the above 41 hypothesis is in agreement with recent findings [6, 17] . 42
Proposed mechanism 43
Previous studies on VOCs ozonation indicate that zeolites catalyse the removal of VOCs when compared 44 with ozonation alone. In contrast, alumina does not remove VOCs [6, 17] . However, it is important to 45 mention, that some reports imply that alumina does catalyse the removal of VOCs in water [18, 20] . It 46 was reported that adsorption of pollutants on the alumina surface was found to be an important step in 1 the catalytic process [20] . In current study the lack of catalytic activity of alumina towards VOCs 2 (cumene, dichlorobenzene and trichlorobenzene) may be due to the lack of adsorption of studied VOCs 3 on alumina's surface [17] . The results presented in this work provide further evidence. The significantly 4 higher concentrations of chlorides formed in the presence of ZSM-5 zeolites when compared with 5 ozonation alone and ozonation on alumina clearly suggest that zeolites catalyse the degradation of 6
VOCs. Furthermore, the concentration of chlorides during VOCs ozonation on zeolites in the presence 7 of hydroxyl radical scavengers (TBA) was found not to remain constant when compared with ozonation 8 on zeolites without TBA. This clearly suggested that zeolites do not promote ozone decomposition 9 leading to the formation of hydroxyl radicals. Furthermore, it was found that catalytic activity of zeolites 10 was the highest in the case of zeolites with high silica content. This may be due to high adsorption of 11
VOCs on the surface of zeolites followed by their reactions with molecular ozone [5, 6] . The mechanism 12 of catalytic ozonation in the presence of zeolites has been proposed (based on this and previous findings) 13 as indicated in Figure 7 . It clearly indicates that adsorption of VOCs plays a vital role in the catalytic 14 ozonation process. 15
In contrast to zeolites, ozonation on alumina does not lead to increased generation of chlorides when 16 compared with ozonation alone at studied pH values. This may be due to the lack of adsorption of VOCs 17 on the alumina surface. Surface reactions are considered to be important in the catalytic ozonation 18
process. This suggests that alumina may not be an effective catalyst for the removal of studied VOCs. 19 This is in agreement with some of the previous findings [17] . Previous reports have also indicated that 20 alumina may decompose aqueous ozone leading to the production of active oxygen species that alumina is not an effective catalyst for studied VOCs and this may be due to the lack of adsorption 27 of VOCs on alumina's surface. The lack of generation of chlorides on alumina in comparison with 28 zeolites further supports this hypothesis. 29
Conclusions 30
The following are the main conclusions. 31 1. ZSM-5 zeolites, as opposed to alumina, are the effective catalysts of VOCs degradation during 32 ozonation. The surface reactions were found to be important in the catalytic ozonation process 33 2. The ZSM-5 zeolites with high silica to alumina ratios were found to be more effective in the 34 decomposition of VOCs when compared to low silica zeolites. 
Figure 7
Proposed mechanism of VOCs ozonation on zeolites
